The chemokine receptor CCR5 is essential for HIV infection and is thus a potential target for vaccine development. However, because CCR5 is a host protein, generation of anti-CCR5 antibodies requires the breaking of immune tolerance and thus carries the risk of autoimmune responses. In this study, performed in mice, we compared 3 different immunogens representing surface domains of murine CCR5, 4 different adjuvants, and 13 different immunization protocols, with the goal of eliciting HIV-blocking activity without inducing autoimmune dysfunction. In all cases the CCR5 sequences were presented as fusions to the Flock House virus (FHV) capsid precursor protein. We found that systemic immunization and mucosal boosting elicited CCR5-specific antibodies and achieved consistent priming in Peyer's patches, where most cells showed a phenotype corresponding to activated B cells and secreted high levels of IgA, representing up to one-third of the total HIV-blocking activity. Histopathological analysis revealed mild to moderate chronic inflammation in some tissues but failed in reporting signs of autoimmune dysfunction associated with immunizations. Antisera against immunogens representing the N terminus and extracellular loops 1 and 2 (Nter1 and ECL1 and ECL2) of CCR5 were generated. All showed specific anti-HIV activity, which was stronger in the anti-ECL1 and -ECL2 sera than in the anti-Nter sera. ECL1 and ECL2 antisera induced nearly complete long-lasting CCR5 downregulation of the receptor, and especially, their IgG-depleted fractions prevented HIV infection in neutralization and transcytosis assays. In conclusion, the ECL1 and ECL2 domains could offer a promising path to achieve significant anti-HIV activity in vivo.
C
CR5 plays a key role in HIV infection as the main coreceptor involved in primary infections occurring across genital and gut mucosa (1) . Antibodies (Abs) to the molecule, either natural or elicited by virus exposure or by immunization, show HIVblocking properties and may provide both systemic and local protection from virus (2-6). Anti-CCR5 antibodies have been isolated, not only from the sera of HIV-infected or HIV-exposed seronegative (ESN) individuals, but also from many different mucosal secretions, including saliva, breast milk, and genital secretions, a striking point in antiviral protection (2, (6) (7) (8) .
Different types of antibodies to CCR5 have been isolated from HIV-infected and/or ESN subjects. Most anti-CCR5 antibodies recognized the N terminus (Nter), and especially the second extracellular loop (ECL2), of the receptor, the immunodominant region involved in chemokine and HIV binding (9, 10) . According to studies employing anti-CCR5 monoclonal antibodies (MAbs), some of the immunoglobulins with these two specificities competed for chemokine binding, blocked HIV docking, or, more significantly, prevented cell fusion and virus entry (10, 11) . A special subset of anti-CCR5 antibodies recognized the first external loop of the CCR5 receptor (ECL1), a domain not involved in ligand binding or in HIV docking. Anti-CCR5 antibodies to the ECL1 domain have been detected in serum and mucosal secretions from ESN individuals and in some HIV-positive subjects, both men and women, supporting the hypothesis that IgG and IgA with this specificity may be involved in HIV protection or in infection control (2, 4, 6, 12) .
Various studies in animal models showed that anti-CCR5 an-tibodies could be elicited by suitable immunization protocols employing properly conformed antigens, thereby achieving significant breaking of immune tolerance, a key factor that can restrict the generation of antibodies to self-antigens (13) . The resulting antibodies to CCR5 had desirable properties in the context of protection from HIV, such as blocking virus docking or the downregulation of endogenous CCR5 receptor from the surfaces of target cells (3, 5, (14) (15) (16) (17) .
In the study reported here, we compared various immunization procedures and formulations in order to optimize the production of systemic and mucosal anti-CCR5 antibodies. Four adjuvant molecules were also compared in terms of IgG and IgA profiles and tissue toxicity. Once we determined the most effective protocol, we characterized the anti-CCR5 sera in a variety of functional assays.
MATERIALS AND METHODS
Cloning and expression of a chimeric FHV CCR5 immunogen. The FHV Epitope Presenting System, based on a modified capsid precursor protein of the Flock House virus (FHV) (Nodaviridae), was obtained through the courtesy of F. Baralle (International Center for Genetic Engineering and Biotechnology [ICGEB] , Trieste, Italy) (18) (19) (20) (21) . This vector is based on the capsid precursor protein of the insect FHV (21) . It has a number of sites suitable for epitope display without substantial changes in the whole structure (which would adversely affect antigenicity). In particular, the available insertion positions are L1 (amino acids [aa] 198 to 213), L2 (aa 252 to 278), L3 (aa 127 to 145), I2 (aa 153 to 159), and I3 (aa 305), corresponding to outer loops of the protein connecting beta-sheets of the eight-stranded beta-barrel structure (22) . In this way, heterologous inserts are exposed at the surface of the protein. FHV-based antigens were extremely useful in studying the influence of the stereochemistry of the presenting molecule in the immune recognition of short heterologous loops (19, 20) . The system is composed of a set of five modified capsid gene sequences (cloned in the expression vector pET-3 [Novagen, Madison, WI]), in each of which the nucleotide sequence corresponding to a peptide loop was replaced by a single Bsu36I restriction site to allow the oriented insertion of a synthetic polynucleotide coding for a foreign epitope in each of five distinct sites (L1, L2, L3, I2, and I3) suitable to expose and conform epitopes in their proper three-dimensional structure (19) . In previous immunizations, we found position I2 was the most immunogenic for presenting CCR5 loops, and hence, we inserted all CCR5 loops in this placement (3, 5) .
Pairs of synthetic oligonucleotides corresponding to CCR5 domains (ECL1, ECL2, Nter1, and Nter2; PRIMM, Milan, Italy) were denatured at 95°C and reannealed by letting the tubes return to ambient temperature. The resulting double-stranded molecules bore 5= overhangs suitable for ligation into the Bsu36I restriction site, and all CCR5 domains were inserted in the I2 cloning site of the FHV antigen in the vector; previous experiments showed that the I2 cloning site ensured proper folding and presentation for ECL1 expression (3) . Wild-type FHV antigen was expressed and purified to be used as an experimental negative control. Recombinant proteins were purified from transformed Escherichia coli BL21(DE3) bacteria (Novagen) by enzymatic and detergent-mediated lysis and subsequent electroelution from SDS-PAGE gels, as previously described (3). Recovered antigens were dialyzed in phosphate-buffered saline (PBS) to allow their refolding and quantified. In order to ensure complete lipopolysaccharide (LPS) purification, the eluted proteins were filtered on 0.45-m membranes after folding. Residual LPS was quantified by a colorimetric commercial assay using Toll-like receptor 4 (TLR4) binding (HEK-Blue LPS detection kit; Invitrogen, San Diego, CA, USA). Animal inoculation and antibody collection from sera and mucosal secretions. Thirteen immunization protocols were compared; in each protocol, four recombinant antigens (FHV ECL1, FHV ECL2, FHV Nter1, and FHV Nter2) and the negative control (CTRL) (FHV without insertion of the CCR5 region) were assayed.
Four administration routes were tested (intraperitoneal [i.p.], intramuscular [i.m.], intrarectal [i.r.], and intranasal [i.n.]), either alone or in combination; all the immunization schemes are summarized in Table 1 .
Each group of five female BALB/c mice (age, 6 weeks; 18 to 20 g) underwent immunization with 40 g of immunogens resuspended in sterile PBS (volumes: i.p., 200 l; i.m., 100 l; i.n., 20 l; i.r., 50 l). The mice received systemic and/or mucosal inocula for six immunizations, carried out at weekly intervals from day 0 to day 42. An antigen dose of 40 g was determined to be optimal in preliminary immunization experiments using the same routes chosen in the study.
Four different adjuvants were compared in the study; Freund's adjuvant, aluminum hydroxide, RIBI, and Montanide ISA 720 were added to immunogen preparations. All adjuvants but Montanide (Seppic, Valbonne, France) were provided by Sigma-Aldrich, Milan, Italy.
Blood samples, including those from mice immunized with FHV without CCR5 insertion (CTRL), were collected weekly from mouse tails, centrifuged at 1,500 rpm, pooled, heat inactivated at 56°C, and stored at Ϫ20°C before analysis. The antibody response upon immunization was determined by enzyme-linked immunosorbent assays (ELISAs), which quantified total immunoglobulins and IgG and IgA fractions in mouse sera (3) .
Cervicovaginal wash (CVW) fluid for estrous staging and antibody Histopathological analysis. Necropsies were performed on all immunized animals in protocols L to O. Skin, lymph nodes (iliac and cervical), spleen, stomach, gut, liver, kidney, lung, heart, female or male reproductive system, urinary bladder, and bone marrow were harvested, immediately fixed in 4% buffered formalin, and embedded in paraffin. Threemicrometer paraffin sections were stained with hematoxylin and eosin for histopathological examination.
Enrichment of IgA antibodies. Agarose beads coupled with goat antimouse IgG antibodies (Sigma-Aldrich) were used to purify IgG from postimmune sera. The purified IgGs were obtained by elution with 0.2 M glycine-HCl buffer (pH 2), and the eluates were neutralized with 1 M Tris buffer, pH 11. The IgG-depleted fractions, which contained IgA, were concentrated on Ultrafree-15 Biomax 30 membranes (Merck-Millipore), dialyzed, and filtered through 0.22-m filters. All IgG-depleted fractions that contained anti-CCR5-specific IgA were tested by IgG and IgA ELISAs to quantify both postimmune and specific immunoglobulins. IgA-enriched fractions, rather than purified IgA, from mouse sera and CVW samples were used, due to the small amounts of biologic fluids under examination.
Determination of total and CCR5-specific immunoglobulins. (i) Ig ELISA. To quantify serum and mucosal immunoglobulins, microwell plates were coated with dilutions of sera or Ig-containing fractions (up to 1:128 by 2-fold dilutions) in 50 mM carbonate buffer, pH 9.5, for 1 h at 37°C. Commercial preparations of mouse Ig (total Ig, IgA, or IgG; SigmaAldrich) were used as standards at concentrations ranging from 4 to 0.06 g/ml (2-fold serial dilutions) to generate a calibration curve. The plates were saturated for 1 h with 1% skim milk powder (Sigma-Aldrich) in PBS. Then, peroxidase-conjugated goat anti-mouse total Ig, IgA, or IgG (Sigma-Aldrich) was added and incubated for 30 min at 37°C. The enzymatic reaction was developed with the TMB Microwell Peroxidase Substrate System (KPL, Gaithersburg, MD, USA) and read at 492 nm.
(ii) CCR5 ELISA. Anti-CCR5-specific responses were evaluated by CCR5 ELISA carried out on solid-phase synthetic peptides corresponding to the four CCR5 domains under study (3) ( Table 2 ). The rest of the assay was exactly the same as for the Ig ELISA. The relative percentage of CCR5-specific Abs was calculated for each sample by comparison with Ig ELISA values.
Isolation of Peyer's patches. Peyer's patches (PPs) from mice immunized against ECL1 (protocol N; two immunizations at weekly intervals) and against FHV (as a negative control) were isolated from the intestinal ileum. PPs, were collected from immunized mice and processed so that a single-cell suspension could be obtained by dissociation with the syringe plunger in 15 ml RPMI plus 2% antibiotics on a Cell Strainer (BD Biosciences, Erembodegem, Belgium). The cells were washed three times and then cultured at 2 ϫ 10 6 /ml in 24-microwell plates in the presence of phorbol myristate acetate (PMA) (Sigma-Aldrich) at 10 g/ml and ionomycin (Sigma-Aldrich) at 500 g/ml to determine the extent of anti-CCR5 priming. One million cells were incubated for 4 h in B cell medium without antibiotics and then washed and incubated in complete medium supplemented with 100 g/ml gentamicin for 24 h. The secreted immunoglobulins were quantified by ELISA, and the percentage of IgG-or IgA-expressing B cells in PPs was evaluated through cytometry. Total cells were stained with phycoerythrin (PE)-conjugated mouse anti-CD19, anti-CD138, and anti-CD40 (BD Biosciences) and fluorescein isothiocyanate (FITC)-conjugated anti-IgG (BD Biosciences) or anti-IgA (Serotec, Milan, Italy).
Cell lines. U937; untransfected U87; and transfected U87-CD4-CXCR4, U87-CD4-CCR5 glioma, and CEM-NKR-CCR5 and CEM cell lines were obtained from the NIH AIDS Research and Reference Reagent Program (Germantown, MD, USA). HT29 cell lines used in transcytosis assays were obtained through ATCC.
Binding to CEM-NKR-CCR5 cells. CEM-NKR-CCR5 cells (5 ϫ 10 5 ) were incubated with the serum dilutions for 1 h at 4°C (the dilutions were made in RPMI-10% fetal calf serum [FCS] ) and then washed with RPMI-10% FCS and incubated with FITC-conjugated goat anti-mouse antiserum for 30 min at 4°C.
Control of binding was done using 5 ϫ 10 5 cells incubated with FITCconjugated goat anti-mouse antibody for 30 min at 4°C. Binding competition was performed by preincubation of 10 g MIP1␤ (R&D Systems, Minneapolis, MN) for 20 min at room temperature, and then serum samples were added at 1/600 dilution. The CEM cell line was used as a negative control. Ten thousand gated events were acquired using a FACSCalibur flow cytometer (Becton, Dickinson, San Jose, CA, USA), and data analysis was performed with Cytomix RXP software. Live cells initially gated by forward and side scatter were analyzed for FL1 expression. At least 10,000 events were counted. Positive control of binding was obtained with the anti-CCR5 antibody CD159 (BD Biosciences).
CCR5 downregulation assays. CCR5 internalization was assayed using U937 cells stably expressing mouse CCR5 fused at its N terminus to the fluorogen-activating protein (FAP) HL4-MG and expressing a control receptor, B2AR, fused at its N terminus to a different fluorogen-activating protein, HL1.0.1-T01, as described previously (23, 24) . Cells were grown at 37°C, 5% CO 2 in RPMI 1640 plus 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin. Receptor internalization was induced by exposing cells to ECL1, ECL2, Nter1, and FHV wild-type (WT) antisera (1/100 for 150 min to 48 h or when indicated at serial dilutions), to 1 M RANTES for 40 min, or to 10 M isoproterenol for 40 min. Membrane-impermeant fluorogens (MG-11p and TO1-2p) were added at a concentration of 100 nM and excited with HeNe 623-nm and argon 488-nm lasers, respectively. The cells were analyzed using a FACS Vantage SE flow cytometer with the FACS Diva option (Becton, Dickinson, Franklin Lakes, NJ).
Ex vivo CCR5 downregulation on mouse CD4 ϩ lymphocytes was assayed on 50 l of whole blood from immunized mice by immune detection with M20, a goat polyclonal IgG to mouse CCR5 (10 g/ml; Santa Cruz Biotechnology, Santa Cruz, California), and a secondary anti-goat Ab conjugated with FITC (Sigma-Aldrich). All experiments were repeated three times, and the results were expressed as means with range values. CCR5-CD4 double labeling was also performed on mouse CD4
ϩ lymphocytes. In brief, whole-blood samples (50 l) were incubated first with goat IgG to mouse CCR5 (M20), then with FITC-conjugated rabbit anti-goat IgG, and finally with a phycoerythrin-conjugated rat MAb to mouse CD4 antigen (GK1.5; Santa Cruz Biotechnology, Santa Cruz, CA, USA). All antibodies were employed at 4 g/assay for 30 min on ice. The relative CCR5 surface downregulation was calculated according to the following formula: 100 Ϫ [100 ϫ (percentage of CCR5 expression stimulated Ϫ percentage of CCR5 expression by the negative control)/(percentage of CCR5 expression in the medium Ϫ percentage of CCR5 expression of the negative control)]. The cysteine residues in boldface were added to maintain the three-dimensional conformation of the loop.
Block of virus infectivity. (i) SOS assay.
SOS pseudoviruses (a kind gift of D. Burton and J. Binley) were used to infect the CCR5-transfected U87 cell line, as described previously (6, 25) . Briefly, the plasmid pCAGGS was used to express membrane-bound Env of the R5 isolate JR-FL. Env proteins, either as full-length gp160 or as a mutant truncated at residue 708, leaving 3 amino acids of the gp41 cytoplasmic tail, were expressed. Mutations were made to introduce cysteine at residues 501 and 605 (the SOS mutant). A mutation was also generated to replace the gp120-gp41 cleavage site REKR with the inefficiently cleaved GEKR. The plasmid pNL4-3.Luc.R-E-, expressing an HIV-1 genome fragment with frameshifts in Env and Vpr and a luciferase reporter gene in place of Nef34, was also used. Pseudoviruses were produced by transfection of 293T cells with pNL4-3.Luc.R-E-and Env-expressing pCAGGS-based plasmids. As a negative control, vesicular stomatitis virus (VSV)-G pseudovirus was used. U87 cells (2 ϫ 10 4 /well) were incubated with different concentrations of Abs or, when indicated, undiluted PP supernatant for 48 h; thus, SOS pseudoviruses (HIV-R5 and VSV-G) were incubated with U87 cells for 2 h, after which the cultures were washed and treated with 5 mM dithiothreitol (DTT) for 10 min, and the medium was replaced. The cells were then cultured for an additional 48 h, and luciferase activity was measured. The reaction was read with the use of a Top Count apparatus (Packard, Meriden, CT).
(ii) Transcytosis assay. HIV-1 transcytosis was assayed using HT-29 intestinal epithelial tumor cells as previously described (26) . Briefly, cells were grown as a tight, polarized monolayer (1 ϫ 10 6 cells/12-mm-diameter filter unit in Dulbecco's modified Eagle's medium [DMEM] GlutaMax, 20% FCS) for 7 to 10 days on a permeable filter support (0.45-m pore size) forming the interface between two independent chambers, the upper one bathing the apical surface of the epithelial monolayer, and the lower one bathing the basolateral surface. Several dilutions of mouse antisera were preincubated with the apical pole of the epithelial monolayer for 1 h at 37°C. A pool of preimmune sera was used as a negative control, and 2F5-IgG at 15 g/ml was used as a positive control. HIV-1-infected human T lymphocytes were inoculated into the apical chamber (20 ng/ml; strain 93Br029). After 2 h, the extent of transcytosis was determined by quantifying p24 in the basolateral medium by ELISA (Coulter, Villepinte, France).
C-C chemokine assay. Mouse serum chemokine concentrations (RANTES, Mip1␣, and Mip1␤) were determined with commercial ELISA kits (R&D Systems).
Statistical analyses. Differences between variables were calculated using parametric tests (Student's t test for comparisons between antisera to wild-type FHV [CTRL] and to FHV containing the different CCR5 regions and analysis of variance[ANOVA] followed by the Student-Newman-Keuls posttest for multiple comparisons). Calculations were conducted using the software GraphPad Prism 5.00.288 (GraphPad Software, Inc., San Diego, CA, USA).
RESULTS
Immunogenicity, efficacy, and safety of immunization protocols. The aim of the study was to elicit and characterize anti-CCR5 antibodies recognizing four specific domains of the homologous murine CCR5 receptor. For this purpose (Table 2) , peptides corresponding to four CCR5 extracellular domains were used as immunogens: ECL1 (aa 89 to 103), ECL2 (aa 169 to 187), Nter1 (aa 1 to 20), and Nter2 (aa 16 to 35). Amino acids 1 to 20 (which contain a known CCR5 epitope [9, 16] ) and 16 to 35 were assayed separately and defined as Nter1 and Nter2. The ECL3 domain was not included in the analysis because it has no direct interaction with endogenous chemokines or with HIV, and previous studies did not find any specific immune reactivity to it (10, 11) .
With the goal of finding a protocol that would break immune tolerance for murine CCR5, a variety of different administration routes, adjuvants, and formulations were compared in 13 protocols, from A to O, as shown in Table 1 .
Doses for inocula were determined on the basis of observations made during previous immunization experiments with ECL1 (3, 5) . According to previous findings for ECL1, all CCR5 loops were inserted at the I2 position within the FHV protein (3, 5) .
Protocols A to D were aimed at comparing different routes of immunization for generating specific CCR5 antibodies against the four peptides. Protocols G to L were aimed at evaluating whether combinations of immunization routes would elicit higher-titer antibodies than the single routes. Protocols M to O were aimed at defining the best adjuvant.
The four routes in protocols A to D were i.m., i.p., i.r., and i.n. I.r. and i.m. protocols failed to elicit antibodies with the desired properties; in particular, there were no significant differences with antisera to FHV alone, whereas i.p. and i.n. inoculations elicited IgA and IgG of interest, except for Nter1 and Nter2, which generated low-level CCR5-specific Igs. I.p. and i.n. immunizations showed increased antibody titers to ECL1 and ECL2 compared to antisera to CTRL (FHV), although the difference was not statistically significant (Table 3 , protocols B and D).
Based on these results, combined systemic and mucosal routes were chosen for further tests; Freund's adjuvants (one complete [CFA] and two incomplete [IFA]) were added to systemic formulations to potentiate immunogenicity. The other five protocols (from E to I) examined whether combined systemic-mucosal Table 3 ; comparison of protocols I and L showed that combined routes, and especially the i.p. plus i.n. combination (protocol L), provided the highest IgA and IgG titers, especially with ECL1 and ECL2 antigens (P Յ 0.03 and P Յ 0.04, respectively) ( Table 3 ). The L protocol achieved high titers of IgG (Fig. 1A) and IgA (Fig. 1B) antibodies with three out of four antigens assayed (ECL2, ECL1, and Nter1), although the highest values were reached with ECL1 and ECL2, as shown in Fig. 1 . Antisera to CTRL did not induce antibodies to any domain of CCR5. Antibody titers achieved a plateau after five immunizations, but antibodies to Nter2 were poorly elicited (IgG and IgA responses reached titers of 1/100 and 1/25 at the last immunization, respectively).
It is of interest that the ECL2, ECL1, and Nter1 antigens, administered by combined routes (Table 3 , protocols I and L), showed a marked reduction of CCR5 in CD4 ϩ T lymphocytes from immunized mice (ex vivo) and induced CCR5 internalization on the cell membranes of U937 cells in vitro, as shown in Table 3 . Moreover, the L protocol was superior to the I protocol in terms of receptor internalization; ECL1 L immunization achieved levels of ex vivo CCR5 internalization comparable to those observed with RANTES (75% versus 78% for RANTES) ( Table 3 ). In summary, ECL1 and ECL2 were more immunogenic than the N terminus domains (either Nter1 or Nter2), and antibodies to both ECL1 and ECL2 were more effective in internalizing CCR5 than antibodies specific to Nter1. The differences among ECL1, ECL2, and Nter1 were statistically significant. In particular, ECL1 and ECL2 showed P values of Յ0.001 for all parameters considered, whereas Nter1 reached significance (P Յ 0.04) for immunoglobulin elicitation only, and not for downregulation. Therefore, the i.p. plus i.n. scheme from protocol L was further applied to different adjuvant formulations (protocols M to O).
Mucosal antibodies were scarcely elicited by all protocols. IgGs were more abundant in CVW fluid from ECL2-L mice (range, 1:20 to 1:150), and IgA responses were found in ECL2 L and in ECL1 I and Nter1-L groups (range, 0 to 1:30). Nter2 antigen was unable to provide any response in mucosal (CVW) fluids (Ͻ1:2). Due to the low responses at mucosal sites, mucosal antibodies were not further tested.
Four different adjuvants were compared in i.p. inocula to assess their efficacies and safety profiles: Freund's adjuvant, aluminum hydroxide, RIBI, and Montanide ISA 720. Freund's adjuvant is known to elicit systemic humoral and cellular immunity, but it can often cause chronic inflammation and tissue necrosis at the injection site. Aluminum gel generates mild inflammatory responses and achieves immune memory, and therefore, it is considered a very safe adjuvant, and it is widely used in human vaccines. RIBI favors antigen presentation of hydrophobic epitopes and can address humoral responses to native epitopes rather than denatured domains. Montanide ISA 720 is a stable oil-water emulsion, similar to but less aggressive than incomplete Freund's adjuvant (27, 28) . Adjuvants were chosen with the aim of eliciting high-titer antibodies to a self-antigen; other adjuvants, such as CpG and other TLR ligands, were excluded in preliminary experiments due to their poor efficacy in the mouse model and the present experimental goal.
Montanide induced a high yield in specific IgA ( Fig. 2A) , while RIBI obtained the largest amount of anti-CCR5 IgG (Fig. 2B) ; however, both adjuvants caused a nonspecific depletion of CCR5 in an ex vivo assay (Fig. 2C) .
We then performed histopathological analysis to evaluate the effects of each adjuvant on the different tissues, as described in Materials and Methods. Necropsies were performed on all immunized animals from protocols L to O. As shown in Table 4 , we established the histopathological effect by evaluating the inflammatory level and the presence of granulomatous reactions; in particular, we defined three different levels: 0 when we did not observe any alterations, 1 if we observed a low level of inflammation, 2 when moderate inflammation was shown, and 3 when severe inflammation with granulomatous reaction was observed ( Table  4) . As determined by histopathological analyses, the inflammatory effects, where observed, did not increase in the presence of CCR5 antigen. No histopathological abnormalities were observed in brain and heart. As expected, Freund's adjuvant induced severe chronic inflammation in all organs, but not the heart and brain, while Montanide-treated animals showed moderate chronic inflammation in various organs hosting key immune regions, such as the lymph nodes, liver, kidney, stomach, gut, and urogenital tract. Aluminum and RIBI showed very low chronic inflammation levels, although only aluminum caused slight interference with the generation of specific antibodies. However, all animals were in good health, and no histopathology indicative of autoimmune responses was observed in most organs and tissues (Table 4) . Representative micrographs showing the effects of RIBI, Montanide, and aluminum with and without CCR5 antigen are shown in Fig.  3 . Of note, immunization with aluminum and three out of four antigens under study achieved significant receptor downregulation ( Fig. 4C and D) ; downregulation activities achieved by Montanide and RIBI formulations were not assayed, because immunization with adjuvants alone was found to cause a nonspecific depletion of CCR5 receptors on peripheral blood mononuclear cells (PBMC) from immunized mice (Fig. 2C ). In conclusion, aluminum emerged from the comparative assays as the safest and most effective adjuvant among the four that were evaluated in the study.
Immune priming of B cells within Peyer's patches. In order to verify the occurrence of immune priming specific to CCR5, a small set of mice immunized by the ECL1 N protocol (ECL1 as the antigen and aluminum as the adjuvant in an i.p. plus i.n. immunization scheme) were sacrificed, and the Peyer's patches were isolated and cultured for 24 h. The cultured cells displayed a CD19 ϩ (25%) CD138 ϩ (36%) CD40 ϩ (67%) phenotype, corresponding to activated B lymphocytes. Cell supernatants from such B cell populations were found to contain high titers of CCR5-specific IgA, confirming that mucosal priming of B cells had taken place (Fig. 2D) . As expected, IgG was not elicited in PP supernatants. In addition, mice immunized with FHV alone showed similar levels of total IgA but were completely negative for CCR5-specific IgA, as shown in Fig. 2E . To evaluate if such PP supernatants could block HIV infection, the supernatants obtained from mice immunized with FHV-ECL1-CCR5 and FHV alone were tested in neutralization assays. As shown in Fig. 2F , the PP supernatant positive for IgA to CCR5 and not the negative supernatant specifically blocked SOS virus.
Biological characterization of antibodies to CCR5. Once protocol N was selected as the optimal immunization method, the resulting anti-CCR5 antibodies and cells were used in a variety of functional bioassays, including CCR5 receptor binding and downregulation in vitro and ex vivo, blocking of HIV infection, and inhibition of virus transcytosis. Due to poor immunogenicity, antisera to the Nter2 antigen were not tested. IgA antibodies were measured directly in serum IgG-depleted fractions, due to their relative paucity of IgG. For the same reason, antibodies from the CVW fluids were not tested in bioassays.
Binding to CCR5 target cells. Antisera obtained from ECL1 N, ECL2 N, and Nter1 N immunizations were tested for the presence of antibodies that could bind to CCR5-CEM-NKR cells. As shown in Fig. 4A , all three antisera were positive in the test and showed equivalent binding at 1:300, 1:600, and 1:900 dilutions. Anti-CCR5 antibody 2D7, recognizing the ECL2 domain, was used as a positive control; a pool of antisera to FHV, the carrier antigen, was used as a negative control (CTRL) (Fig. 4A) . To verify the specificity of binding, CEM-NKR cells were preincubated with MIP1␤ before performing flow cytometry assays; as expected, no competition with antisera to Nter1 N was observed, while specific and strong competition was shown with ECL2 N antisera (P Յ 0.001). Decreased binding was observed with antisera to ECL1 N, as well, although it was not statistically significant, probably due to steric hindrance, as previously shown with natural human antibodies (4) (Fig. 4A) . As negative controls, CEM cells, which are negative for CCR5, were used (data not shown). Representative results obtained with antisera to ECL1 N are shown in Fig. 4B .
In vitro downregulation of CCR5 receptor. Antisera to ECL1 N, ECL2 N, and Nter1 N also induced CCR5 receptor downregulation over short and long incubation times (150 min and 48 h), as measured using FAP technology (23, 24 ). All sera were tested at a 1:100 dilution. The assay used U937 cells that stably expressed a recombinant form of CCR5 receptor carrying a FAP domain at its N terminus and a control receptor, B2AR, carrying a different FAP at its N terminus. Experiments were performed in the presence of thiazole orange and malachite derivatives emitting either yellowgreen (530-nm) or red-orange (650-nm) fluorescence when bound to their cognate FAPs.
When exposed to its natural ligand, RANTES, CCR5 was promptly internalized (70%). After 150 min of incubation, ECL1 antisera also caused receptor internalization (40%), while ECL2 and Nter1 achieved 30% and 18% downregulation, respectively (Fig. 4C) . The incubation time was chosen because natural antibodies to the ECL1 domain of CCR5 begin receptor internalization at 150 min (L. Lopalco, unpublished data). Mouse antisera to FHV (CTRL) did not induce receptor downregulation (Fig. 4C) .
CCR5 internalization persisted after 48 h of incubation, although ECL1 and ECL2 antibodies achieved complete CCR5 internalization, while Nter1 achieved 93%, as indicated by fluorescence peak shifts observed at 685 nm (Fig. 4D) . Mouse antisera to FHV (CTRL) induced a very low level of receptor downregulation (4%), as shown in Fig. 4D . In addition, ECL1 antibodies induced maximal internalization at up to 1:350 dilution, ECL2 at 1:300 dilution, and Nter1 at 1:150 dilution. The specificity of CCR5 internalization was previously demonstrated and recently published (29) . Briefly, the control B2AR receptor did not respond to RANTES but was promptly internalized in response to isoproterenol (29) .
Ex vivo downregulation of CCR5 receptor. In ex vivo internalization, a significant reduction of CCR5 expression on the cell membranes of CD4 ϩ T lymphocytes was obtained by sera from protocol L after the last immunization. As summarized in Table 3 , antibodies to ECL1 and ECL2 achieved the highest reductions (69% and 67%, respectively), while Nter2 did not produce any downregulation. Similar CCR5 downregulation was also observed when IgG-and IgA-enriched fractions (N protocol; immunization VI) were incubated with PBMC from nonimmunized control mice (at concentrations corresponding to a 1:10 serum dilution), as a confirmation of previous results obtained with anti-ECL1 antibodies (3, 5) .
Blocking of HIV infection. Mouse antisera elicited by all antigens (ECL1, ECL2, Nter1, and CTRL) were assayed in neutralization assays to assess their HIV-blocking properties. Antisera were assayed at 2-fold dilutions ranging from 1:20 to 1:160. ECL2 and ECL1 showed almost complete inhibition with high levels of statistical significance, while Nter1 reduced HIV infectivity no more than 60% and was not statistically significant in IgG-depleted fractions (Fig. 5A) . In ECL1 and ECL2 antisera, both IgG and IgA fractions contributed to inhibition, because IgG-depleted fractions retained more than half of the total activity for both antigens; conversely, IgA activity accounted for less than a third of the total inhibition in Nter1 antiserum (Fig. 5B) . All antisera did not block VSV-G control virus (Fig. 5C ). Maraviroc was used as a control, as shown in Fig. 5D . As previously demonstrated, mouse anti-CCR5 antibodies specifically block HIV-1 R5 but not HIV-1 R5-X4 viruses (3, 5) . To exclude the possibility that the observed inhibition may have been due to high serum ␤-chemokine concentrations, we measured the concentrations of RANTES, Mip1␣, and Mip1␤ in all antisera, including those elicited to FHV (CTRL). The concentrations of all three chemokines were comparable among all sera (data not shown).
Inhibition of HIV transcytosis. A further biological activity of anti-CCR5 antibodies, inhibition of virus transcytosis across mucosae, was assayed in a model of the human mucosa (26) . As shown in Fig. 5E , all three antisera nearly abolished HIV transcytosis of the R5-B virus strain 93Br029 and achieved inhibition comparable or even superior to that of the control antibody (2F5 MAb). Of note, ECL1 maintained the same inhibition activity at 1:75 dilution and showed the highest level of statistical significance (P Յ 0.007) compared to the control (CTRL), while ECL2 and Nter1 had P values of Յ0.02 and Յ0.03, respectively. All sera were unable to block the X4-B strain 91US054, confirming their specificity for CCR5 receptor (Fig. 5E ). Antisera to CTRL (wildtype FHV) did not affect viral infectivity either in classical neutralization or in transcytosis, as shown in Fig. 5A , B, C, and E.
DISCUSSION
Despite worldwide efforts, no effective AIDS vaccine has yet been formulated. In view of the difficulties encountered using traditional vaccine development approaches, nontraditional strategies must be explored.
CCR5 is required for initial virus entry in most primary infections, making CCR5 an attractive target for vaccine development (11, 30, 31) .
The study reported here was inspired by our observation that some exposed, uninfected sexual partners of HIV-positive individuals generated anti-CCR5 antibodies (2, 4). Our previous studies, performed in small-animal models, showed the feasibility of anti-CCR5 vaccination (3, 5, 15, 17) . In particular, we demonstrated that it is possible to induce anti-CCR5 antibodies in mice at levels in serum 300-fold greater than those found in humans and that the amount of mouse CCR5-specific immunoglobulins reached 30% of total serum IgG (3). Here, we optimized the immunization protocols, and thus, CCR5-specific serum IgG reached 50% of total IgG.
In our previous works on the mouse model (3, 5), we verified the specificity of CCR5 modulation, which was not evident after 1 h of anti-CCR5 antibody incubation, thus demonstrating that the receptor was not simply occluded from detection by the presence of the bound mouse antibodies, and in addition, we demonstrated that the internalization was dependent on clathrin-coated pits. Our present goal was to go two steps further: on one hand, we sought full breaking of immune tolerance to autologous CCR5 domains and the induction of protective antibodies to the endogenous CCR5 protein; on the other hand, we compared biological properties and protection conferred by immunoglobulins recognizing four different CCR5 domains to assess whether features previously observed for anti-ECL1 antibodies (i.e., long-lasting receptor downregulation and recycling) could extend to other anti-CCR5 antibodies. Moreover, we accomplished our goals through the first (to our knowledge) extensive evaluation of peptide targets, routes of vaccine delivery, and adjuvants, although the reproduction of similar responses in other animal (or human) models requires the use of suitable adjuvants and a different schedule to be properly set.
CCR5 structure includes an external N-terminal domain and three external loops connecting the seven membrane-spanning helices, any of which could provide vaccine immunogens. Many attempts to elicit anti-CCR5 vaccines have failed, however, possibly because the tested CCR5 domains were not immunogenic enough or because the antigens were not presented in an adequate conformation (14) . Indeed, the use of scaffold proteins able to present the CCR5 ECL2 domain in a constrained conformation, as occurred in virus-like particles (VLPs), succeeded in overcoming tolerance and induced the desired response (32) . As for ECL2, immunogens presenting the CCR5 ECL1 domain in a linear conformation were previously shown to be unable to elicit immunoglobulins recognizing either the native receptor or the domain itself in a conformed, circular structure (3). Most importantly, structural studies showed that modifications to the flanking regions of the ECL1 sequences could alter the epitope conformation and consequently affected the biological properties of the resulting antibodies (5) . Therefore, the adoption of a vector with a welldetermined three-dimensional conformation and different positions to accept foreign peptides and protein domains, as is the case for the FHV protein, offered us the chance of presenting epitope conformations needed to elicit the desired immune responses. Indeed, the FHV capsid protein has a well-characterized structure, where external loops of the protein connecting beta-sheets of the eight-stranded beta-barrel structure allow optimal display of conformed epitopes and enhance their immunogenicity (21, 22) . As a confirmation of the native conformation of antigens presented through the FHV scaffold, antibodies to ECL1 were found to bind the CCR5 receptor both on murine and on human PBMC (3, 5) . In our previous studies with VLPs, we achieved optimal presentation of gp140 and gp41 and the generation of neutralizing antibodies recognizing conformed epitopes within trimeric, fulllength structures that were very similar to the natural spikes observed on HIV particles (33, 34) .
The present study was aimed at achieving a complete break in immune tolerance for endogenous CCR5 using the mouse model to set and compare immunization conditions. In our previous studies, ECL1 immunogens based on the human CCR5 sequence proved to be very immunogenic in murine and chicken hosts (3, 5) . Conversely, in the present study, mice were immunized to four different CCR5 sequences that were fully murine, always presented in a suitable conformation through the Flock House virus vector (3, 18) . Due to exogenous CCR5 sequences, these self-immunogens required five immunizations to achieve their response plateaus, whereas the previous immunizations reached their plateaus at the third immunization (3, 5) .
The use of combined immunization routes, i.e., systemic plus mucosal, achieved generation of circulating antibodies and, most importantly, of mucosal antibodies. The i.m. and i.r. routes failed in eliciting significant amounts of antibodies, either individually or combined (Tables 2 and 3 ), whereas the combination of both i.p. and i.n. routes in a unique scheme (protocols I and L) elicited large amounts of IgG and IgA to three antigens out of four, especially when systemic i.p. immunizations preceded mucosal i.n. administrations (protocol L) (Fig. 1) . Nter2 was poorly immunogenic in relation to other antigens, probably due to the lack of strong immunogenic epitopes (9, 16, 35) . These results agreed with findings from immunizations performed in other animal models, also confirmed in recent clinical trials, where mucosal boosting after intramuscular immunization was superior to intramuscular immunization alone in providing full protective mucosal responses (36, 37) . In human immunization, mucosal boosting following systemic immunization was considered safe and was found effective, even in the absence of mucosal adjuvants (38, 39) .
Binding of endogenous chemokines has been suggested to play a role in protection from HIV infection (40) ; however, our previous studies found that chemokine levels in natural carriers of anti-CCR5 antibodies are comparable to those observed in healthy controls, thus excluding ligand overexpression as the cause of CCR5 downregulation in vivo (4) . In the present study, we show that enriched IgG and IgA fractions are able to downregulate CCR5 receptors in mouse PBMC, showing a receptor reduction similar to that observed in ex vivo experiments (Table 3) . Moreover, we did not observe any difference in chemokine levels in all immunized mice; this finding agrees with previous results achieved with anti-ECL1 antibodies and supports the role of immunoglobulins, but not of chemokines, in receptor downregulation (3, 5) .
As is known, ECL2, Nter1, and ECL1, but not ECL3, are directly involved in HIV binding and/or receptor downregulation and can be highly immunogenic; indeed, some antibodies to these sequences could block HIV-1 binding, while others might induce inhibition of the infection via receptor internalization (3, 4, (9) (10) (11) 35) . Antibodies of some classes and subclasses can provide protection by fixing complement; on the other hand, such activities could also promote pathogenic antiself effects and/or inhibit the effectiveness of activated cell traffic and immune responses. In order to address all such questions, CCR5 immunization was tested in a methodical way that examined systematically the responses to single, constrained epitopes of the molecule with different routes of immunization and adjuvants. To our knowledge, this is the first study in which the immunogenicities of all significant extracellular domains of the CCR5 receptor were examined systematically, employing different protocols and comparing different routes and formulations.
Due to the small size of the animal model we used, it was mandatory to keep nasal instillations within a tiny volume (20 l); therefore, the effects of mucosal adjuvants on immunization efficacy could not be evaluated. Similarly, mucosal immunity could not be evaluated because CVW fluid amounts were too exiguous to proceed with further assays; the size limitations connected to the animal model under study also prevented the evaluation of vaginal immunization as a possible route.
Comparison of four adjuvants showed that strong immunogenicity could be achieved without inducing severe tissue toxicity (Table 4) ; on the other hand, two good adjuvants, RIBI and Montanide, were found to exert immunogen-independent CCR5 depletion effects that led us to exclude them (Fig. 2C) . This effect deserves attention and could even be exploited to enhance immune protection conferred by anti-CCR5 antibodies; however, in the context of the present study, we felt that it would obscure antibody-specific effects that we wished to measure.
The optimal immunization scheme, coupling systemic and mucosal antigen presentation with a suitable adjuvant, achieved strong mucosal immune priming in Peyer's patches, as shown by the high proportion of cells with the phenotype of activated B cells and by the consistent production of CCR5-specific IgA, a finding particularly evident in blocking assays ( Fig. 2F and 5B). Although Fig. 5B shows an IgG-depleted fraction, it contains predominantly IgA. IgA induction takes place in mucosal immune nodes, i.e., in Peyer's patches, and especially in isolated lymphoid follicles (ILFs), where B cells can be activated by dendritic cells (DCs) with or without the intervention of T cells (41, 42) . The widespread distribution of Peyer's patches and ILFs in the murine gut and the consistent B1 cell population in adult mice may account for the strong induction of specific IgA that was observed in the study and might have facilitated the breaking of immune tolerance that we observed. Strong activity observed in bioassays, namely, receptor binding and downregulation, blocking of infectivity, and transcytosis inhibition, may mean that antibody affinity maturation took place in gut-associated lymphoid tissue (GALT) upon immunization, although this possibility was not investigated in the study (42) .
IgA antibodies act in blood, as well as in local regions, for example, in the gut and the genital mucosae. Although IgAs are usually found in concentrations at least 10-fold lower than those of IgG, their presence in mucosal fluids could block most pathogens through various mechanisms, such as blocking of viral transcytosis and ADCC, even in the absence of systemic responses (37) . Even when their concentration in mucosal fluids is measured at a few nanograms per milliliter, or even less, tens of billions of IgA molecules are ready to catch viral pathogens and can rely on stoichiometric relationships very favorable to host defense (38) .
Different antibody isotypes, such as IgG and IgA, may provide immune protection by exerting different but synergistic functions (43) ; interestingly, IgA can bind antigens with higher affinity and provide stronger neutralizing activity than IgG sharing the same specificity, which implies different roles of the respective CH domains (44) . Recent human clinical trials showed that mucosal IgG and IgA can be promptly elicited with suitable immunogens able to present conformed antigens in the presence of safe and effective adjuvants (38) . Boosting was shown to increase IgG, but not IgA, levels; however, the possibility that boosting may increase the affinity of antibodies for their molecular targets and/or their antiviral function even in the absence of detectable quantitative effects could not be excluded (38) .
The notion of anti-CCR5 vaccination has naturally raised concerns that the breaking of immune tolerance might lead to autoimmune dysfunction (45, 46) or affect T cell function. In the present study, no signs of histopathological alterations in the tissues and organs or immune dysfunction in T cell responses (as demonstrated in a previous work) due to the induction or the presence of anti-CCR5 antibodies were observed. The possibility of longterm toxicity and any functional impact of anti-CCR5 antibodies deserve further evaluation; nonetheless, our findings are supported by previous studies, where no adverse events were reported in CCR5-immunized macaques after 3 years of follow-up (15) . In a previous study (3), we performed a splenic cell proliferation assay after activation by several mitogens (concanavalin A, staphylococcal enterotoxin B, and phytohemagglutinin [PHA] in the presence of mouse interleukin 12 ). DNA incorporation did not show significant differences between preimmunized and postimmunized animals (3) . Thus, we demonstrated that the antibody response obtained with a protocol similar to L does not interfere with T cell function.
ECL1, ECL2, and Nter1 antibodies, elicited by a systemic plus mucosal immunization protocol, achieved total ex vivo downregulation of CCR5 receptor (Fig. 4C) . In in vitro assays, ECL1 antiserum produced downregulation comparable to or even greater than that produced by RANTES, an endogenous CCR5 agonist (Fig. 4C) , thus affirming observations in previous studies that antibodies recognizing the domain cause receptor internalization (3, 5) . ECL1 and ECL2 antibodies were the most effective, showing complete downregulation at 48 h (Fig. 4D) ; this is the first study reporting that long-lasting CCR5 downregulation was also achieved by antibodies to the ECL2 domain and, to a lesser extent, by those to Nter1. We did not examine CCR5 recycling in this study; according to our previous results, receptor downregulation lasts up to 2 to 4 weeks in mice and can be promptly refreshed upon boosting (3) .
Both ECL1 and ECL2 antisera confirmed their remarkable functional properties, showing nearly complete HIV-blocking activity in neutralization. This blocking activity was especially associated with IgG-depleted fractions, with high statistical significance (P Յ 0.0001 and P Յ 0.0003 for ECL1 and ECL2, respectively), suggesting that it resided mostly in specific IgA antibodies elicited through immune priming ( Fig. 5A and B) . Immunoglobulins to the Nter1 domain showed lower antiviral activity; this could be explained by the high flexibility of the CCR5 N terminus, which might have taken a nonnative conformation within the FHV vector and therefore could have elicited antibodies presenting consistent binding properties but lower functional activity.
We then investigated whether CCR5 Igs could block in vitro mucosal transmission of HIV-1. Remarkably, all three antisera also inhibited HIV infectivity in transcytosis assays (Fig. 5E) ; the highest significance was reached for ECL1 and ECL2, although some antibodies to ECL2, such as 2D7 monoclonal antibody, do not work in this assay (26; L. Lopalco, unpublished data). It is possible that activity in transcytosis is mostly due to IgA; indeed, IgA was shown to be more effective in antiviral functional assays than the corresponding IgG sharing the same specificity (44) . Isotype switching could offer a way to overcome poor reactivity of the 2D7 MAb; the present results suggest that selection of new anti-ECL2 antibodies, endowed with HIV-protective functional properties, could be accomplished through suitable immunization.
Of note, CCR5 antibodies to ECL1, ECL2, and Nter1 inhibit transcytosis of the B clade HIV-1 R5 primary isolate BR9309; in contrast, transcytosis of a CXCR4-tropic strain, the B clade HIV-1 primary isolate 91US054, remained insensitive to the presence of the same Igs. This suggested that the CCR5 Igs that have a transcytosis-blocking activity were specific for CCR5. Nonspecific Igs were also unable to block viral transcytosis of both the CCR5 and CXCR4 viruses, confirming the specificity of inhibition. Furthermore, virus produced at the apical pole of the monolayer during coculture in the absence or presence of antibodies was routinely measured and found to be constant (not shown). Additionally, we also found that production of virus by the infected cells only (without epithelial cells) after 2 h of incubation was not modified by the presence of anti-CCR5 antibodies (not shown). These results rule out the possibility that the anti-CCR5 antibodies inhibited virus release or reinfection within the producer cells and, in turn, virus transcytosis in the basolateral medium as a result of the presence of fewer viruses at the apical surface. We also observed in our previous study that preincubation for 1 h or 24 h increased transcytosis blockade activity and that it did not modify CCR5 surface expression by epithelial cells (26) . This indicates that in the 1-h preincubation the antibodies reach an intracellular pool of CCR5. Clearly, the role of CCR5 in HIV-1 transcytosis is different from that of its coreceptor in cell infection. Hence, agrin and galactosyl ceramide (GalCer) serve as epithelial receptors for HIV-1. As HIV transcytosis does not change GalCer apical polarity, it suggests that HIV detaches from GalCer in the endosome and is free to bind a second transporter to achieve the second leg of transcytosis to the basal pole of the cell. Our data suggest that CCR5 interaction with the virus most likely occurs at a later time point in transcytosis, once the virus has been endocytosed in the endosome. Whether this interaction between HIV and CCR5 in the acidic endosome depends on pH remains to be determined.
This study is the first to adopt a systematic strategy to compare the immunogenicities of all extracellular domains of the CCR5 molecule and to set optimal conditions leading to generation of specific antibodies in the mouse model. Indeed, the successful breaking of immune tolerance for this self-molecule was achieved, as confirmed by the wide population of activated B lymphocytes that were isolated from Peyer's patches and were found to secrete specific IgA. These immunoglobulins, and to a lesser extent IgG antibodies, generated to the ECL1, ECL2, and Nter1 domains were found to almost completely block HIV infectivity in cells and in mucosal layers. Most importantly, anti-CCR5 antibodies to different extracellular domains were also found to share similar functional and protective properties.
In other words, the immunization protocol set and tested in the mouse produced anti-CCR5 antibodies with different specificities but endowed with the expected properties, i.e., the ability to downregulate the host receptor and prevent virus docking to it nearly completely. Notably, this immune response was accomplished without signs of tissue toxicity. The lack of signs of autoimmunity, at least from a short-term point of view, suggests that generation of anti-self antibodies by vaccination could be exploited for therapeutic or prophylactic purposes without necessarily causing severe adverse events.
Due to their peculiar and unique properties, immunization using the ECL1 and ECL2 domains could offer a promising path to achieving significant anti-HIV activity in vivo and warrants further investigation in a primate host.
